Tandem Diels-Alder/Nazarov Reaction of Ynones and Diynones by Sophanpanichkul, Punyanuch
 
 








A thesis submitted in partial fulfillment of the  























We recommend that the thesis  








Tandem Diels-Alder/Nazarov Reaction of Ynones and Diynones 
 
 
be accepted in partial fulfillment of the 
requirements for the degree of 
 





Wesley A. Chalifoux, Ph.D., Advisor 
 
Yftah Tal-Gan, Ph.D., Committee Member 
 
David P. Aucoin, Ph.D., Graduate School Representative 
 






 The Chalifoux group interest is in exploring new synthetic methodologies that 
lead us to achieve a diverse array of complex products in fewer steps. We are interested 
in the reactivity of ynones for the purpose of probing new methodologies toward 
synthesizing biologically active molecules via tandem reaction processes.  
 The synthesis of cyclic molecules remains an important aspect of organic 
synthesis due to their presence in a variety of natural and synthetic chemicals. There is a 
number of ways to construct cyclic structures that contain 5- and 6-membered rings with 
the Nazarov and Diels-Alder reactions being the most powerful methods, respectively.  
 Our approach is to develop new and efficient methods to synthesize fused five 
and six-membered polycyclic ring systems comprise the basic structure for a large 
number of important biologically active molecules through the use of multicomponent 
and/or tandem Diels-Alder/Nazarov cyclization of β-silyl substituted aryl ynones to 












This thesis is dedicated for my family and friends, especially my parents, my brothers and sister, 
for your unconditional love and support throughout my entire life. 
 
First and foremost, I would like to thank my advisor, Dr. Wesley A. Chalifoux, for all the 
guidance, opportunities, and learning experiences he provided. I also have a highly gratitude for 
his kindness, patience, understanding, helpful suggestions, and positive outlook, when my 
research did not seem to go well.   
 
Secondly, I would also like to thank my thesis committee members, Dr. Yftah Tal-Gan and Dr. 
David P. Aucoin, for serving on my committee.  
 
Lastly, I would like to express my sincere gratitude to all of the Chalifoux group members, 
especially Rachael A. Carmichael for her guidance on a joint project and providing me with very 
helpful information and advice about the chemistry and techniques required for this project. I 
would like to give a special thank you to Dr. Wenlong Yang and Radha Bam for being great 
friends who always supported, guided, and taught me lots of useful things both in the lab and 














β- Silyl-Assisted Tandem Diels-Alder/Nazarov Cyclization of Aryl Ynones	................	1	
1.1 Introduction	...................................................................................................................................	1	
1.1.1	 [5-5-6] and [6-5-6] Polycyclic ring systems	.............................................................................	1	
1.1.2	 Nazarov reaction	................................................................................................................................	3	
1.1.3	 β-Silyl Effect on Nazarov Reaction	.............................................................................................	8	
1.2	 Our Synthetic Approach	.........................................................................................................	9	
1.3	 Results and Discussion	...........................................................................................................	10	
1.4	 Experimental Section	.............................................................................................................	15	
Chapter 2	..................................................................................................................................	32	
Interrupted Nazarov Reactions on Symmetric Cross-Conjugated Diynones 
Multicomponent Double Diels-Alder/Nazarov Cyclization Products	.........................	32	
Chapter 3	..................................................................................................................................	39	
Baylis-Hillman-Type Activation of Ynones	.......................................................................	39	
3.1	 Introduction	.............................................................................................................................	39	
3.1.1	 Baylis-Hillman Reaction	..............................................................................................................	39	
3.1.2	 Nucleophilic-Catalyzed Addition of Alkynoates	.................................................................	41	
3.2	 Synthetic Approach	................................................................................................................	42	









List of Schemes 
 
Scheme 1.1.  Nazarov reaction. .......................................................................................... 4 
Scheme 1.2. a) Stereoselective Nazarov reaction to form adjacent quaternary carbon 
Nazaraov products under harsh conditions. b) Diastereoselective Nazarov reaction 
using chiral BINOL phosphates. c) Oxidative Nazarov reaction with high 
regioselectivity via polarized oxyallyl zwitterion intermediate. ................................. 5 
Scheme 1.3. a) Photo-Nazarov reaction of various aryl enones. b) Expanded scope of 
photo-Nazarov reaction of various aryl enone substrates. .......................................... 7 
Scheme 1.4. a) β-silyl effect on Nazarov reaction. b) Studies on stereoselectivity of 
silicon-directed Nazarov reaction. .............................................................................. 8 
Scheme 1.5. Multicomponent and/or tandem double Diels-Alder/Nazarov reaction of the 
cross-conjugated diynones. ....................................................................................... 10 
Scheme 1.6. Proposed mechanism for tandem Diels-Alder/Nazarov reaction of aryl-
substituted ynones. .................................................................................................... 11 
Scheme 1.7. Proposed mechanism for desilylated product formation via 1,5-hydride shift.
................................................................................................................................... 15 
Scheme 2.1. a) Nucleophilic trapping Nazarov intermediate mechanism.              b) 
Electrophilic trapping Nazarov intermediate mechanism. ........................................ 32 
Scheme 2.2. a) Nucleophillic trapping of Nazarov intermediate with silyloxyalkenes. b) 
Cu(II)-catalyzed electrophilic fluorination trapping of Nazarov intermediate. c) Dual 
nucleophilic/electrophilic trapping of the Nazarov intermediate by bromination. ... 34 
Scheme 2.3 Proposed mechanism of multicomponent double Diels-Alder/Nazarov 
reaction of cross-conjugated diynones. ..................................................................... 35 
Scheme 2.4. a) Nucleophilic interrupted double Diels-Alder/Nazarov of diynones.    b) 
Electrophilic interrupted double Diels-Alder/Nazarov of diynones. ........................ 36 
Scheme 3.1. Mechanism of Baylis-Hillman reaction. ...................................................... 40 
Scheme 3.2. a) Nucleophilic phosphine-catalyzed isomerization of ynones to conjugated 
dienes. b) α-nucleophilic attack phosphine-catalyzed alkynoates.       c) Competitive 
γ-addition pathway. ................................................................................................... 41 
Scheme 3.3. γ-substituted-α,β-unsaturated carbonyl compounds formation via chiral 
phosphine-catalyzed on alkynoates. .......................................................................... 42 
Scheme 3.4. Synthetic approach of phosphine-catalyzed nucleophilic addition Baylis-












List of Tables 
 
Table 1.1. Substrate scope and regioselectivity of ynone 11 for the tandem Diels-
Alder/Nazarov reaction. ............................................................................................ 12 
Table 2.1. Nucleophilic and electrophilic interrupted double Diels-Alder/Nazarov 
reactions of diynones. ............................................................................................... 37 

















List of Figures 
 
Figure 1.1. Examples of some natural products containing [5-5-6] and [6-5-6]-tricyclic 
systems. ....................................................................................................................... 2 
Figure 1.2. a) Iridium(III)-catalyzed Nazarov cyclization of polarized aryl enones. b) 
Photo-Nazarov reaction of a variety of diversified aryl enones. ................................ 6 
Figure 3.1. a) Baylis-Hillman reaction. b) Natural products using Baylis-Hillman as key 
reaction in their total syntheses. ................................................................................ 39 
Figure 4. 1H NMR spectrum of 9a. ................................................................................... 48 
Figure 5. 13C NMR spectrum of 9a. .................................................................................. 48 
Figure 6. 1H NMR spectrum of 9b. ................................................................................... 49 
Figure 7. 13C NMR spectrum of 9b. .................................................................................. 49 
Figure 8. 19F NMR spectrum of 9b. .................................................................................. 50 
Figure 9. 1H NMR spectrum of 9c. ................................................................................... 51 
Figure 10. 13C NMR spectrum of 9c. ................................................................................ 51 
Figure 11. 1H NMR spectrum of 9d. ................................................................................. 52 
Figure 12. 13C NMR spectrum of 9d. ................................................................................ 52 
Figure 13. 19F NMR spectrum of 9d. ................................................................................ 53 
Figure 14. 1H NMR spectrum of 9e. ................................................................................. 54 
Figure 15. 13C NMR spectrum of 9e. ................................................................................ 54 
Figure 16. 1H NMR spectrum of 9f. .................................................................................. 55 
Figure 17. 13C NMR spectrum of 9f. ................................................................................. 55 
Figure 18. 1H NMR spectrum of 10b. ............................................................................... 56 
Figure 19. 13C NMR spectrum of 10b. .............................................................................. 56 
Figure 20. 1H NMR spectrum of 10c. ............................................................................... 57 
Figure 21. 13C NMR spectrum of 10c. .............................................................................. 57 
Figure 22. 1H NMR spectrum of S1. ................................................................................. 58 
Figure 23. 13C NMR spectrum of S1. ................................................................................ 58 
Figure 24. 1H NMR spectrum of 10d. ............................................................................... 59 
Figure 25. 13C NMR spectrum of 10d. .............................................................................. 59 
Figure 26. 1H NMR spectrum of 11a. ............................................................................... 60 
Figure 27. 13C NMR spectrum of 11a. .............................................................................. 60 
Figure 28. HSQC NMR spectrum of 11a. ......................................................................... 61 
Figure 29. 1D NOESY NMR spectrum of 11a. ................................................................ 61 
Figure 30. 1H NMR spectrum of 11b. ............................................................................... 62 
Figure 31. 13C NMR spectrum of 11b. .............................................................................. 62 
Figure 32. 19F NMR spectrum of 11b. .............................................................................. 63 
Figure 33. HSQC NMR spectrum of 11b. ........................................................................ 63 
Figure 34. 1D NOESY NMR spectrum of 11b. ................................................................ 64 
Figure 35. 1H NMR spectrum of 11c. ............................................................................... 65 
Figure 36. 13C NMR spectrum of 11c. .............................................................................. 65 
Figure 37. HSQC NMR spectrum of 11c. ......................................................................... 66 
Figure 38. 1D NOESY NMR spectrum of 11c. ................................................................ 66 
Figure 39. 1H NMR spectrum of 11d. ............................................................................... 67 
Figure 40. 13C NMR spectrum of 11d. .............................................................................. 67 
Figure 41. 19F NMR spectrum of 11d. .............................................................................. 68 
	 vii	
Figure 42. HSQC NMR spectrum of 11d. ........................................................................ 68 
Figure 43. 1D NOESY NMR spectrum of 11d. ................................................................ 69 
Figure 44. 1H NMR spectrum of 11e. ............................................................................... 70 
Figure 45. 13C NMR spectrum of 11e. .............................................................................. 70 
Figure 46. HSQC NMR spectrum of 11e. ......................................................................... 71 
Figure 47. 1D NOESY NMR spectrum of 11e. ................................................................ 71 
Figure 48. 1H NMR spectrum of 11f. ................................................................................ 72 
Figure 49. 13C NMR spectrum of 11f. ............................................................................... 72 
Figure 50. HSQC NMR spectrum of 11f. ......................................................................... 73 
Figure 51. 1D NOESY NMR spectrum of 11f. ................................................................ 73 
Figure 52. 1H NMR spectrum of 12b. ............................................................................... 74 
Figure 53. 13C NMR spectrum of 12b. .............................................................................. 74 
Figure 54. HSQC NMR spectrum of 12b. ........................................................................ 75 
Figure 55. 1D NOESY NMR spectrum of 12b. ................................................................ 75 
Figure 56. 1H NMR spectrum of 12c. ............................................................................... 76 
Figure 57. 13C NMR spectrum of 12c. .............................................................................. 76 
Figure 58. HSQC NMR spectrum of 12c. ......................................................................... 77 
Figure 59. 1D NOESY NMR spectrum of 12c. ................................................................ 77 
Figure 60. 1H NMR spectrum of 12d. ............................................................................... 78 
Figure 61. 13C NMR spectrum of 12d. .............................................................................. 78 












List of Abbreviations 
 
2D: Two-dimentional 
APCI-TOF: Atmospheric pressure chemical ionization 
ATR: Attenuated total reflection 







dr: Diastereomeric ratio 
EDG: Electron donating group 
ee: Enantiomeric excess 
eq: Equivalence 
ESI: Electro-spray ionization 
EtOAc: Ethyl Acetate 
EWG: Electron withdrawing group 
FT-IR: Fourier transform infrared 
GC-MS: Gas chromatography mass spectrometry 




LA: Lewis acid 
M: Metal 
m: Multiplet 
m/z: Mass to charge ratio 
MS: Mass spectrometry 
NBS: N-Bromosuccinimide 
nm: nanometer 
NMR: Nuclear magnetic resonance spectroscopy 





r.t.: room temperature 
Rf: Retention factor 
s: Singlet 
SAR: Structure-activity relationship 
t-Bu: tert-Butyl 
t: Triplet 










1.1.1 [5-5-6] and [6-5-6] Polycyclic ring systems 
	
Many synthetic groups have been interested in terpenes due to their important 
biological activities.1 A large number of important biologically active molecules are 
comprised of fused five and six-membered polycyclic ring systems.2-4 Some examples 
of the biologically active natural products containing [5-5-6] and  [6-5-6] tricyclic 
cores are taiwaniaquinol D, and nakiterpiosin (Figure 1.1).5  
Taiwaniaquinol D is a natural product in the taiwaniaquinoid family, unusual 
tricyclic diterpenoids, which was first isolated from Taiwania cryptomerioides. 
Taiwaniaquinoid family has shown important bioactivity as aromatase inhibitors and 
currently being evaluated for their potential as drug leads.4 From a study in 2005, 
taiwaniaquinol D was discovered to have cytotoxicity against human oral epidermoid 
carcinoma cells with one-third as effective as etoposide, clinically used 
chemotherapeutic drug.2  
Standishinal is a biologically active natural product isolated from Thuja standishii 
found in the local foresty industry conifers waste. In 2001, a study reported that 
standishinals 50% as effective as formestane, the most potent steroidal aromatase 
inhibitor, in vitro.2 Aromatase inhibitors have an ability to decrease plasma of 
estrogen, which can be useful in treatment of estrogen-dependent cancers.6 
	 2	
Nakiterpiosin was the first C-nor-D-homosteroid isolated from a marine sponge, 
Terpios hoshinota, which exhibits potent cytotoxicity against the P388 murine 
leukemia cell line.7 A study of nakiterpiosin bioactivities in 2009, reported evidence 
of distinct mechanistic biological effects from antimitotic agents such as taxol. 
Therefore, it maybe useful as an anticancer agent in the antimitotic agents resistant 
tumors.8  
 
Figure 1.1. Examples of some natural products containing [5-5-6] and [6-5-6]-
tricyclic systems. 
New and efficient methods for synthesizing polycyclic compounds have 
been receiving increased interest as a means to improve economic syntheses. One 
way to achieve this is through the use of tandem and/or multicomponent reaction 
processes. Tandem and/or multicomponent reactions efficiently reduce the step 
counts to synthesize compounds by making multiple bonds without isolating 
intermediates, changing reaction conditions, or adding reagents, which subsequently 










































1.1.2 Nazarov reaction 
	
The Nazarov reaction is an acid-induced electrocyclization reaction 
forming new carbon-carbon bonds towards a wide variety of substituted 
cyclopentenones.9 This can be very useful to generate the complexity of [5-5-6] 
and [6-5-6] scaffolds in one step. Additionally, a broad scope of these polycyclic 
cores can be made quickly for SAR studies to find derivatives that can be used as 
drugs. The Nazarov reaction is a 4π-electron conrotatory cyclization process 
involving the conversion of divinyl ketones 1 to cyclopentenones 5 or 5’ by Lewis 
acid activation. The transformation is thought to proceed through these individual 
steps: the Lewis acid and divinyl ketone 1 complexes to give a pentadienyl cation 
2, then cyclization occurs to form oxyallyl cation 3. From here, the reaction can 
go into two pathways of proton elimination to give Lewis-acid bound enolates 4 
or 4’ and finally the enolates protonate to form two regioisomers of 
cyclopentonone compound 5 or 5’ (Scheme 1.1).10  
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Scheme 1.1.  Nazarov reaction. 
Various catalytic Nazarov cyclization reactions have been developed 
during the past few decades, employing a number of catalysts, such as Brønsted 
acids, organocatalysts, heterogeneous catalysts, Lewis acids including transition-
metal catalysts, and a supramolecular host.9 In 1984, the Nazarov reaction was 
used by Harding as a key carbon-carbon bond forming step in a highly 
stereoselective synthesis of (+)-trichodiene.11 They were able to form adjacent 
quaternary centers with good stereocontrol by refluxing the cross-conjugated 
dienone in the presence of BF3OEt2 for 5 days (Scheme 1.2a). In 2009, the first 
asymmetric organocatalytic Nazarov reaction was developed by Rueping using 
chiral BINOL phosphates to give diastereoselective Nazarov products (Scheme 









































cyclization of vinyl alkoxyallenes with controlled regioselectivity via spontaneous 
formation of a polarized oxyallyl zwitterion intermediate. Regioselective 
oxidation on the more electron-rich internal allene double bond provided 
cyclopentenones in high diastereoselectivity while also affording adjacent 
quaternary carbons (Scheme 1.2c).13 Significant advancements in Nazarov 
chemistry have been made over the past decade.14-16 However, a general catalytic 
asymmetric Nazarov reaction has not yet been developed, which does not limited 
to highly activated substrates or required superacids to induce the reaction.  
 
 
Scheme 1.2. a) Stereoselective Nazarov reaction to form adjacent quaternary 
carbon Nazaraov products under harsh conditions. b) Diastereoselective Nazarov 
reaction using chiral BINOL phosphates. c) Oxidative Nazarov reaction with high 
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The development of an aryl Nazarov reaction has generated considerable 
interest as this carbon-carbon bond-forming step is used as a key step in the total 
syntheses of several biologically active compounds.3-4, 7, 17 Nevertheless, the 
Nazarov reaction involving aryl substrates has been limited to either highly 
activated substrates or require superacids to promote the reaction. Studies on an 
iridium(III)-catalyzed Nazarov cyclization on polarized aryl enones have been 
conducted by the Frontier group (Figure 1.2a).16 A highly electrophilic 
iridium(III) catalyst was synthesized for the electrocyclization of unreactive aryl 
enone substrates with one equivalent of AgSbF6, which allows access to unusual 
fused aromatic and heteroaromatic ring systems. Smith and Agosta reported 
impressive results on the formation of cyclopentenones having a [6-5-6] 
polycyclic framework via photochemical reaction.14 Irradiation of alkyl 1-
cyclopentenyl ketones led to the hydrogen abstraction from the β-carbon atom in 
cyclopentenones to form a 1,4-biradical intermediate, which can undergo 
fragmentation to give a ketene and an alkene. However, irradiation of di-1-
cyclohexenyl ketone under basic conditions, allowed photochemical cyclization 
of the ketone to form a fused-[6-5-6] ring system (Figure 1.2b).  
 
Figure 1.2. a) Iridium(III)-catalyzed Nazarov cyclization of polarized aryl 

















The expanded substrate scope and application of photo-Nazarov reactions 
to a variety of substituted arenes and heteroaromatic substrates has been done by 
the Gao group (Scheme 1.3).18 They showed that the photo-Nazarov reaction 
allows effective electrocyclization of substrates with hydroxyl and ketone 
functional groups as well as acid-sensitive protecting groups such as ketal and 
OTMS groups, which proceeds under neutral or basic conditions. A more general 
method that can tolerate a variety of aryl ynone substrates with a multicomponent 
and/or tandem reaction, in which multiple consecutive reactions occurred in one 
pot, would be highly useful for these accessing synthetic scaffolds. This would 
expand the scope of the complex polycyclic compounds using simple precursors 
instead of highly activated substrates.  
 
Scheme 1.3. a) Photo-Nazarov reaction of various aryl enones. b) Expanded 


























































1.1.3 β-Silyl Effect on Nazarov Reaction 
	
From previous section, regiocontrol is one of the problems of Nazarov 
reaction due to the discrete proton elimination pathways of the enolate 
intermediates, which can be solved with β-silyl effect. The β-silyl effect is 
described as Si-C hyperconjugation, resulting in a stabilizing effect of a 
carbocation β to the silicon group.19-20 A regio-directing effect is promoted by 
Lewis acid to induce Si-C bond cleavage after the cyclization step, rate-
determining step of this reaction. Incorporation of a silyl group β to the carbonyl 
carbon improves the regiocontrol of this reaction and can even generate the less 
substituted double bond regioisomer instead of the thermodynamically favored 
more substituted alkene (Scheme 1.4a). In 1985, Denmark reported studies on the 
stereocontrol of silicon-directed Nazarov cyclization reactions. The 
stereoselectivity of this reaction was significantly influenced by the sterics of 
silicon substituents (Scheme 1.4b).20 
 
Scheme 1.4. a) β-silyl effect on Nazarov reaction. b) Studies on stereoselectivity of 

































1.2 Our Synthetic Approach 
	
We envisioned solving the scope and regioselectivity in a single reaction using 
high-energy alkyne substrates. We recently reported a novel one-pot method for the 
formation of [6-5-6] tricyclic products resulting from a multicomponent double 
Diels-Alder/Nazarov tandem reaction of symmetric cross-conjugated diynones 
(Scheme 1.5).21 We were wondering whether aryl-substituted ynone substrates 
would also undergo a Diels-Alder/Nazarov cyclization to generate aryl containing 
[6-5-6] polycyclic ring systems; a substructure present in various biologically active 
naturally occurring compounds, such as taiwaniaquinol D, standishinol, and 
nakiterpiosin. This would broaden the scope of making compounds containing these 
important polycyclic cores and allows quick access to SAR studies. Lewis acids 
have been screened in our previous work and we found that boron and aluminum 
Lewis acids were the most suitable for promoting both the Diels-Alder cyclization 
along with the subsequent Nazarov reaction of various alkyne-containing substrates. 
Stoichiometric amount of Lewis acid was required for full conversion of the starting 
material in a Nazarov reaction, while poor conversion of Nazarov products were 
obtained with catalytic amount of Lewis acid.21 Additionally, previously our group 
reported an increased reactivity of both Diels-Alder and Nazarov reactions in silyl-
substituted diynone substrates via the β-silyl effect compare to the reactivity of the 
diynones without silyl substitution. We were curious whether placing a silyl group 
on the terminus of the ynone would effectively stabilize the reaction intermediates 
and enable an aryl Nazarov reaction to proceed under milder conditions.  
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Scheme 1.5. Multicomponent and/or tandem double Diels-Alder/Nazarov reaction 
of the cross-conjugated diynones. 
	
1.3 Results and Discussion 
	
As the proof concept whether a silyl-substituted aryl ynone can undergo a tandem 
Diels-Alder/Nazarov reaction to form [6-5-6] tricyclic products, a graduate student 
in the Chalifoux lab, Rachael Carmichael, has performed a reaction using silyl-
substituted ynone 6 as a substrate.22 The aryl ynone 6 and excess 2,3-dimethyl-1,3-
butadiene 7 were dissolved in dichloromethane at 0 °C in the presence of 
stoichiometric amount of boron trichloride as Lewis acid.  Ynone 6 rapidly 
underwent tandem the Diels-Alder/Nazarov reaction to yield the Nazarov product 8 
in good yield (56%) with good diastereoselectivity of >20:1, which was determined 
by GC-MS analysis (eq. 1), presumably via the oxyallyl cation intermediate I-2a. 
2D NOESY NMR analysis confirmed the syn relationship between the TMS group 
and the methine hydrogen.  
 
Aryl ynone 9 or 10 and diene 7 in the presence of Lewis acid is hypothesized to 
undergo Diels-Alder reaction, producing activated ketone intermediates I-1a or I-1b. 

























cation intermediates I-2a or I-2b. Generally, desilylation is common in a silyl-
directed Nazarov reaction. However, in this case rearomatization via proton loss is 
preferred, leaving the TMS group intact in the products 11 and 12 (Scheme 1.6).  
 
Scheme 1.6. Proposed mechanism for tandem Diels-Alder/Nazarov reaction of aryl-
substituted ynones. 
We then studied the scope of this Diels-Alder/Nazarov tandem reaction. Rachael 
Carmichael studied the electron-rich o-methoxy-substituted aryl ynone 13, which 
rapidly underwent the Diels-Alder cyclization. Not surprisingly, the intermediate 
was demethylated and yielded compound 14 with no formation of the desired 
Nazarov product (eq. 2).21  
 
In order to slow down the dealkylation step, we then tried ynone 9a containing a 























































step, yielding compound 14 (entry 1, Table 1.1). Since BCl3 is known to initiate 
dealkylation, a milder and less reactive aluminum Lewis acid, EtAlCl2, was used 
instead. Unexpectedly, dealkylated product 14 was still observed in ynones 9a and 
no Nazarov product was formed (entry 2). We then tried a slightly stronger 
aluminum Lewis acid, AlBr3, hoping to promote the Nazarov reaction. However, 
dealkylation still occurred in 9a with the use of AlBr3, but we did obtain desired 
Nazarov product of 11a in low yield, 17% (entry 3). Nevertheless, electron-donating 
groups (EDG) in ortho and para position made the dienophiles less reactive for the 
Diels-Alder reaction, so it was not surprising that these substrates would give low 
yield. An electron-withdrawing group (EWG) in ortho position, i.e. trifluoromethyl-
substituted ynone 9b, resulted in significant decompositon in both the reaction and 
the purification processes with only 26% yield of 11b being isolated (entry 4). The 
Diels-Alder intermediate from ynone 9b was also oxidized during the reaction, 
which was observed in the crude 1H NMR and GC-MS in the ratio of 2:1, 11b:14. 
However, we were not able to isolate and characterize the compound 14 due to 
decomposition upon attempted purification and isolation.  
Table 1.1. Substrate scope and regioselectivity of ynone 11 for the tandem Diels-
Alder/Nazarov reaction. 
 
Entry Substrate Lewis Acid Product Yield [%][a] 11:11'[b] 
1 o-OEt (9a) BCl3 14 - - 

















3 o-OEt (9a) AlBr3 11a 17 - 
4 o-CF3 (9b) BCl3 11b 26 - 
5 m-OMe (9c) BCl3 11c trace - 
6 m-OMe (9c) AlBr3 11c 72 15:1 
7 m-CF3 (9d) BCl3 11d 47 45:1 
8 m-CH3 (9e) BCl3 11e 41 10:1 
9 m-Cl (9f) BCl3 11f 44 3:1 
[a] Isolated yield. [b] Regioisomeric ratio of crude products determined by GC-MS 
analysis. 
	
We then looked into meta-substituted aryl ynones to gain a better understanding 
of the regioselectivity with regard to these substrates. Demethylation still occurred 
with the m-methoxy-substituted aryl ynone 9c once reacted with BCl3, with only 
trace amount of 11c being observed (entry 5). However, excellent yield and 
regioselectivity 11c was obtained when AlBr3 was used to promote the reaction 
(entry 6). Trifluoromethyl- and methyl-substituted aryl ynones 9d and 9e, generated 
Nazarov product 11d and 11e in good yields of 47% and 41%, respectively, along 
with good regioselectivities (entries 7 and 8). Reaction of chloro-substituted ynone 
9f resulted in only modest yield of product 11f as an inseparable 3:1 mixture of 
regioisomers (entry 9). We attribute the lower observed regioselectivity for 11f to 
the smaller chlorine substituent providing less steric bias in the reaction. We were 
also interested in the reactivity of heteroaromatic ynones in [5-5-6] tricyclic scaffold 
formation via the tandem Diels-Alder/Nazarov reaction. Chalifoux group member, 
Rachael Carmichael, did a study on a thiophene-substituted ynone 10a, which 
rapidly generated 12a in good yield with desilylated side product 12a’ of 9:1 ratio 
from GC-MS (entry 1, Table 1.2). I then did a study on furan-substituted ynone 10b 
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generating 12b in good yield with inseparable minor desilylated side product 12b’, 
which is consistent with Rachael’s thiophene-substituted ynone reaction (entry 2). 
Furthermore, we performed the same reaction with aluminum Lewis acid, AlBr3, 
but unfortunately no reaction occurred (entry 3). We also tried the pyrrole-
substituted ynone 10c in this reaction, but this substrate turned out to be unstable 
and difficult to purify. Nonetheless, we attempted the reaction on impure 10c and 
were able to obtain a 42 mg of 12c when we used BCl3 as the Lewis acid (entry 4). 
A slightly more stable substrate, methyl pyrrole substituted ynone 10d is then tried 
under the same condition. This substrate 10d resulting in excellent yield of 12d of 
81% with trace amount of desilylated side product 12d’ observed in the reaction 
(entry 5). 
Table 1.2. Tandem Diels-Alder/Nazarov reaction on heterocycle-substituted ynones.  
 
Entry Substrate Lewis Acid Product 
Yield 
[%][a] 
1 X = S (12a) BCl3 14a 66[b] 
2 X = O (12b) BCl3 14b 64 
3 X = O (12b) AlBr3 - N/A 
4 X = NH (12c) BCl3 14c 24  
5 X = N-CH3 (12d) BCl3 14d 81 
[a] Isolated yield. [b] Result obtained by Rachael Carmichael. 
We hypothesized that this desilylation side reaction occurred after the Nazarov 
step where the oxyallyl cation intermediate underwent desilylation followed by a 

















our observation of desilylatated products in heterocyclic substrates, a plausible 
explanation for this is due to the less aromatic character of these heteroaromatic 
systems, the rate of desilylation in the oxyallyl cation intermediate becomes 
competitive with rearomatization, as seen in analogous systems.23  
 
Scheme 1.7. Proposed mechanism for desilylated product formation via 1,5-hydride 
shift.  
	
1.4 Experimental Section 
	
General Information: Reagents were purchased reagent grade from commercial 
suppliers and used without further purification unless otherwise noted. CH2Cl2 was 
purified using a PureSolv MD 5 solvent purification system. Evaporation and 
concentration in vacuo by rotary evaporation. Where appropriate, reactions were 
performed in standard, dry glassware under an inert atmosphere of N2. Column 
chromatography: Silica gel irregular 60 Å (40-60 micron) from VWR International. The 
bulb-to-bulb distillation was performed using a kugelrohr apparatus, Büchi GKR-51. 
Thin-layer chromatography (TLC): glass sheets covered with silica gel 60 F254 from 

























Mp: Mel-Temp apparatus; uncorrected. IR spectra (cm–1): Thermo Nicolet 6700 FT-IR 
(diamond ATR), data are reported as cm–1. 1H and 13C NMR: Varian NMR 400 MHz, 500 
MHz at r.t. in CDCl3 solvent peaks (7.26 ppm and 77.16 ppm for 1H and 13C, 
respectively) or C6D6 solvent peaks (7.16 ppm and 128.06 ppm for 1H and 13C, 
respectively) as reference. GCMS (EI): Agilent 7890A with a 5970C mass spectrometer 
with triple axis detector using a 122-5532UI DB-5MS Ui column (30m x 0.25mm). 
ESI/APCI-TOF MS: Agilent G6230A instrument with purine and HP-Ø921 as internal 
calibrants. All electronic structure calculations have been performed in the GAMESS 




General Procedure for Synthesizing Ynones. 
To a solution of acid chloride (1.1 equiv.) in dichloromethane at 0 ºC under N2 
atmosphere was added AlCl3 (1.0 equiv.) followed by bis(trimethylsilyl)acetylene (1.0 
equiv.). The reaction was quenched at 0 ºC through the addition of saturated aqueous 
NH4Cl and extracted with Et2O. The layers were separated, the organic phase washed 








9a was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (2.10 g, 11.4 mmol) and 
bis(trimethylsilyl)acetylene (1.85 g, 10.9 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (70:30)] to yield 11a (1.37 g, 51%) as a clear oil.  Rf = 0.4 
(hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 7.93 (d, J = 7.8 Hz, 1H), 7.48 
(dd, J = 8.9, 7.3 Hz, 1H), 7.02 – 6.93 (m, 2H), 4.16 (q, J = 7.0 Hz, 2H), 1.48 (t, J = 7.0 
Hz, 3H), 0.27 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 176.6, 159.1, 134.9, 132.1, 
126.6, 120.1, 113.0, 103.3, 98.3, 64.5, 14.6, -0.7; IR (film): 2962, 2899, 2151, 1645, 




9b was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (1.105 g, 5.298 mmol) and 
bis(trimethylsilyl)acetylene (821 mg, 4.81 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [pH 7 
buffered phosphate silica gel; hexanes/CH2Cl2 (4:1)] to yield 11b (774 mg, 60%) as a 








– 8.19 (m, 2H), 7.74 – 7.70 (m, 2H), 0.31 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 
176.5, 139.1, 135.4 (q, J = 32.7 Hz), 130.0, 125.8 (q, J = 3.7 Hz), 123.7 (q, J = 272.7 
Hz), 102.4, 100.4, -0.7; 19F NMR (376 MHz, CDCl3): δ = -63.3.; IR (film): 2965, 2911, 




9c was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (2.10 g, 12.3 mmol) and 
bis(trimethylsilyl)acetylene (1.99 g, 11.7 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (1:1)] to yield 11c (1.54 g, 52%) as a clear oil. Rf = 0.5 (hexanes:EtOAc, 
10:1); 1H NMR (400 MHz, CDCl3): δ = 7.77 (d, J = 7.6 Hz, 1H), 7.62 (s, 1H), 7.39 (dd, J 
= 7.9, 7.4 Hz, 1H), 7.16 (d, J = 8.2 Hz, 1H), 3.85 (s, 3H), 0.31 (s, 9H); 13C NMR (100 
MHz, CDCl3): δ = 177.5, 159.8, 137.9, 129.7, 123.0, 121.3, 112.9, 101.0, 100.6, 55.5, -
0.6; IR (film): 2960, 2153, 1644, 1596, 1581 cm–1; HRMS (APCI-TOF) m/z calcd for 
[C13H16SiO2+H]+ 255.0808; found 255.0812. 
 
 
9d was synthesized following the general procedure: This reaction was performed 








bis(trimethylsilyl)acetylene (1.77 g, 10.4 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (70:30)] to yield 11d (2.17 mg, 77%) as an off-white solid.  Rf = 0.4 
(hexanes:CH2Cl2, 4:1); 1H NMR (400 MHz, CDCl3): δ = 8.40 (s, 1H), 8.32 (d, J = 7.9 Hz, 
1H), 7.86 (d, J = 7.8 Hz, 1H), 7.64 (dd, J = 7.8, 7.8 Hz, 1H), 0.33 (s, 9H); 13C NMR (100 
MHz, CDCl3): δ = 176.3, 137.0, 132.8, 131.5 (q, J = 33.1 Hz), 130.6 (q, J = 3.5 Hz), 
129.5, 126.6 (q, J = 3.9 Hz), 123.7 (q, J = 272.3 Hz), 102.6, 100.3, -0.6; 19F NMR (376 
MHz, CDCl3): δ = -63.02; IR (film): 2963, 2155, 1653, 1610 cm–1; HRMS (APCI-TOF) 
m/z calcd for [C13H13F3SiO+H]+ 271.0761; found 271.0747. 
 
 
9e was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (2.27 g, 14.7 mmol) and 
bis(trimethylsilyl)acetylene (2.28 g, 13.4 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (70:30)] to yield 11e (2.01 g, 70%) as a clear oil. Rf = 0.3 
(hexanes:CH2Cl2, 4:1); 1H NMR (400 MHz, CDCl3): δ = 7.98 – 7.92 (m, 2H), 7.44 – 7.34 
(m, 2H), 2.42 (s, 3H), 0.32 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 178.0, 138.5, 
136.6, 135.1, 129.9, 128.6, 127.3, 101.1, 100.4, 21.4, -0.6; IR (film): 2960, 2155, 1643, 








9f was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (2.12 g, 12.1 mmol) and 
bis(trimethylsilyl)acetylene (1.88 g, 11.0 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (1:1)] to yield 11f (2.19 g, 84%) as a clear oil. Rf = 0.4 (hexanes:CH2Cl2, 
4:1); 1H NMR (400 MHz, CDCl3): δ = 8.08 (s, 1H), 8.01 (d, J = 7.7 Hz, 1H), 7.57 (d, J = 
7.9 Hz, 1H), 7.43 (dd, J = 7.9, 7.9 Hz, 1H), 0.32 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 
= 176.3, 138.0, 135.0, 134.2, 130.0, 129.5, 127.9, 101.8, 100.4, -0.6; IR (film): 2961, 
2156, 1647, 1591, 1425 cm–1; HRMS (APCI-TOF) m/z calcd for [C12H13ClSiO+H]+ 
237.0497; found 237.0486. 
 
10b was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (2.40 g, 18.4 mmol) and 
bis(trimethylsilyl)acetylene (2.98 g, 17.5 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2 (1:1)] to yield 12b (2.57 g, 77%) as a yellow oil. Rf = 0.4 
(hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 7.66 (d, J = 2.0 Hz, 1H), 7.35 
(d, J = 3.5 Hz, 1H), 6.57 (dd, J = 3.6, 1.5 Hz, 1H), 0.29 (s, 9H); 13C NMR (100 MHz, 
CDCl3): δ = 164.3, 153.1, 148.3, 121.7, 112.7, 100.2, 99.4, -0.7; IR (film): 2962, 2158, 








193.0679; found 193.0673. 
 
 
10c was synthesized following the general procedure: This reaction was performed 
according to the general procedure, acid chloride (0.40 g, 3.10 mmol) and 
bis(trimethylsilyl)acetylene (0.48 g, 2.10 mmol) in CH2Cl2 (20 mL). The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/dichloromethane (1:1)] to yield impure 12c (95 mg, 16 %) as a pale-yellow 
solid.  Rf = 0.3 (Hexanes:EtOAc, 10:1); 1H NMR (500 MHz, CDCl3): δ = 5.08 (s, 1H), 
2.69 (bs, 1H), 0.96 (t, J = 8.0 Hz, 18H), 0.58 (q, J = 7.9 Hz, 12H); 13C NMR (100 MHz, 
CDCl3): δ = 166.2, 133.4, 131.1, 127.3, 111.6, 101.0, 97.9, -0.5; IR (film): 3265, 2963, 




S1 was synthesized by the following procedure: To a solution of n-butyllithium (6.01 
mL, 9.62 mmol) in tetrahydrofuran (15 mL) at –78 ºC under N2 atmosphere was added 
ethynyltrimethylsilane (1.40 mL, 10.0 mmol). After 30 minutes of stirring N-
methylpyrrole-2-carboxaldehyde (0.98 mL, 9.16 mmol) was added dropwise and the 
reaction was slowly warmed to r.t. and stirred until complete by TLC (1 h). The reaction 






with Et2O. The layers were separated, the organic phase washed with H2O, brine, and 
dried over Na2SO4. The mixture was filtered and the solvent was removed in vacuo to 
provide the crude product. The pure product was isolated by Kugelrohr distillation at 
130-140 ºC to yield 10d as a yellow oil (635 mg, 33%). Rf = 0.3 (hexanes:EtOAc, 10:1); 
1H NMR (400 MHz, CDCl3): δ = 6.64 – 6.61 (m, 1H), 6.29 (dt, J = 3.3, 1.4 Hz, 1H), 6.06 
– 6.03 (m, 1H), 5.45 (d, J = 6.7 Hz, 1H), 3.72 (s, 3H), 2.00 (dd, J = 6.8, 1.2 Hz, 1H), 0.21 
(s, 9H); 13C NMR (100 MHz, CDCl3): δ = 131.0, 124.5, 109.1, 106.8, 103.8, 90.6, 58.3, 
34.3, -0.1; IR (film): 3529, 2293, 2253 cm-1; HRMS (ESI-TOF) m/z calcd for 
[C11H17NSiO – OH]+ 190.1047; found 190.1027. 
 
 
10d was synthesized by the following procedure: BaMnO4 (1.29 g, 5.05 mmol) was 
added to S1 (697 mg, 3.36 mmol) in dichloromethane (15 mL) at r.t. and stirred overnight 
or until complete by TLC (15 h). The resulting mixture was filtered through a celite plug. 
The crude product was distilled by Kugelrohr at 140-150 ºC to yield 285 mg of 10d and 
S2 as an inseparable 3:1 mixture (determined by 1H NMR) as a yellow oil (corrected 
yield = 214 mg, 31%). Rf = 0.5 (hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 
7.18 (dt, J = 4.1, 1.9 Hz, 1H), 6.86 – 6.83 (m, 1H), 6.17 – 6.13 (m, 1H), 3.92 (s, 3H), 0.27 
(s, 9H); 13C NMR (100 MHz, CDCl3): δ = 166.5, 132.7, 124.3, 109.2, 102.0, 95.3, 76.5, 
37.4, -0.5; IR (film): 3164, 3002, 2944, 2293, 2253 cm-1; HRMS (ESI-TOF) m/z calcd for 










Compound 11a: To a solution of 9a (180 mg, 0.731 mmol) in CH2Cl2 (10 mL) under N2 
was added 2,3-dimethyl-1,3-butadiene (123 mg, 1.50 mmol) followed by aluminum 
bromide (0.73 mL, 0.73 mmol, 1 M in hexanes). The reaction was stirred at -40 °C for 15 
min then warm up to -20 °C for another 15 min and warm up to 0 °C, then stirred at r.t. 
until complete by TLC (3-20 h). The reaction was quenched at r.t. with saturated aqueous 
NaHCO3 and extracted with Et2O. The layers were separated, the organic phase washed 
with H2O, brine, and dried over Na2SO4. The solvent was removed in vacuo and the 
crude product purified by column chromatography [silica gel; CH2Cl2] to yield 11a (42 
mg, 18%) as a yellow oil. The diasteromeric ratio of the crude product was determined to 
be > 20:1 by GC analysis (GC-MS method: flow = 1 mL/min.; inlet = 250 °C; 180 °C for 
5 min., ramp at 1 °C/min. to 250 ˚C and hold for 10 min.). Rf = 0.3 (hexanes:EtOAc, 
10:1); 1H NMR (400 MHz, CDCl3): δ = 7.34 (s, 1H), 6.88 (d, J = 7.7 Hz, 1H), 6.63 (d, J 
= 8.1 Hz, 1H), 4.13 (q, J = 7.0 Hz, 2H), 2.65 (dd, J = 7.2, 3.9 Hz, 1H), 2.44 – 2.33 (m, 
2H), 2.31 – 2.19 (m, 2H), 1.57 (s, 3H), 1.49 (d, J = 7.1 Hz, 3H), 1.47 (s, 3H), -0.05 (s, 
9H); 13C NMR (100 MHz, CDCl3): δ = 207.5, 165.3, 157.2, 136.0, 126.7, 126.5, 125.5, 
116.1, 108.5, 64.2, 51.4, 36.7, 36.6, 33.5, 19.9, 19.2, 14.7, -3.6; IR (film): 3001, 2943, 
2293, 2253, 1697, 1586, 1468, 1443 cm–1; HRMS (APCI-TOF) m/z calcd for 









Compound 11b: To a solution of 9b (213 mg, 0.788 mmol) in CH2Cl2 (10 mL) under N2 
was added boron trichloride (0.79 mL, 0.79 mmol, 1.0 M in hexanes) followed by 2,3-
dimethyl-1,3-butadiene (130 mg, 1.58 mmol). The reaction was stirred until complete by 
TLC (0.5-1 h). The reaction was quenched at r.t. with saturated aqueous NaHCO3 and 
extracted with Et2O. The layers were separated, the organic phase washed with H2O, 
brine, and dried over Na2SO4. The solvent was removed in vacuo and the crude product 
purified by column chromatography [silica gel; hexanes/CH2Cl2/EtOAc (70:29:1)], then 
purified with another column chromatography [silica gel; hexanes/EtOAc (80:1) to yield 
11b (73 mg, 26%) as a yellow oil. The diastereomeric ratio of the crude product was 
determined to be > 20:1 by GC analysis (GC-MS method: flow = 1 mL/min.; inlet = 250 
°C; 180 °C for 5 min., ramp at 1 °C/min. to 250 °C and hold for 10 min.). Rf = 0.5 
(hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 7.59 (d, J = 2.5 Hz, 2H), 7.56 – 
7.51 (m, 1H), 2.75 (dd, J = 7.2, 3.9 Hz, 1H), 2.51 – 2.28 (m, 4H), 1.54 (s, 3H), 1.44 (s, 
3H), -0.03 (s, 9H); 13C NMR (100 MHz, CDCl3); δ = 206.1, 164.7, 133.7, 128.2, 126.7, 
123.8 (q, J = 6.1 Hz) , 122.9 (q, J = 273.8 Hz), 51.3, 37.4, 36.5, 33.7, 19.8, 19.0, -3.7; 19F 
NMR (376 MHz, CDCl3): δ = -61.67; IR (film): 2955, 1713, 1595 cm–1; HRMS (ESI-









Compound 11c: To a solution of 9c (125 mg, 0.538 mmol) in CH2Cl2 (10 mL) under N2 
was added 2,3-dimethyl-1,3-butadiene (88.7 mg, 1.08 mmol) followed by aluminum 
bromide (0.54 mL, 0.54 mmol, 1 M in hexanes). The reaction was stirred at 0 °C for 15 
min then warm up to r.t. until complete by TLC (18-20 h). The reaction was quenched at 
r.t. with saturated aqueous NaHCO3 and extracted with Et2O. The layers were separated, 
the organic phase washed with H2O, brine, and dried over Na2SO4. The solvent was 
removed in vacuo and the crude product purified by column chromatography [silica gel; 
CH2Cl2/hexanes/EtOAc (80:19:1)] to yield 11c (122 mg, 72%) as a yellow oil. The 
diasteromeric ratio of the crude product was determined to be > 20:1 by GC analysis. The 
regioisomeric ratio of the crude product was determined to be 15:1 by GC analysis (GC-
MS method: flow = 1 mL/min.; inlet = 250 °C; 180 °C for 5 min., ramp at 1 °C/min. to 
250 °C and hold for 10 min.). Rf = 0.3 (hexanes:EtOAc, 10:1); 1H NMR (400 MHz, 
CDCl3): δ = 7.24 (s, 1H), 7.17 – 7.13 (m, 1H), 7.06 (d, J = 2.6 Hz, 1H), 3.78 (s, 3H), 2.69 
(dd, J = 7.1, 3.5 Hz, 1H), 2.41 – 2.33 (m, 2H), 2.23 (d, J = 14.7 Hz, 2H), 1.53 (s, 3H), 
1.41 (s, 3H), -0.06 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 210.1, 158.3, 155.2, 138.3, 
126.8, 126.2, 125.1, 124.3, 104.4, 55.5, 51.6, 36.4, 36.3, 33.5, 19.8, 19.1, -3.6; IR (film): 
2939, 2838, 2252, 1697, 1613, 1485, 1432 cm–1; HRMS (APCI-TOF) m/z calcd for 













Compound 11d: To a solution of 9d (200 mg, 0.740 mmol) in CH2Cl2 (10 mL) under N2 
was added boron trichloride (0.74 mL, 0.74 mmol, 1.0 M in hexanes) followed by 2,3-
dimethyl-1,3-butadiene (122 mg, 1.48 mmol). The reaction was stirred until complete by 
TLC (2-2.5 h). The reaction was quenched at r.t. with saturated aqueous NaHCO3 and 
extracted with Et2O. The layers were separated, the organic phase washed with H2O, 
brine, and dried over Na2SO4. The mixture was filtered and the solvent was removed in 
vacuo and the crude product purified by kugelrohr distillation under high vacuum to yield 
as mixture of 11d and 11d’ (107 mg, 41%) as a yellow oil. The diasteromeric ratio of the 
crude product was determined to be > 20:1 by GC analysis. The regioisomeric ratio of the 
crude product was determined to be 45:1 by GC analysis. The regioisomeric ratio of the 
purified product was determined to 26:1 by GC analysis (GC-MS method: flow = 1 
mL/min.; inlet = 250 °C; 180 °C for 5 min., ramp at 1 °C/min. to 250 °C and hold for 10 
min.). Rf = 0.5 (hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 7.83 (s, 1H), 
7.68 (d, J = 8.2 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 2.69 (dd, J = 7.2, 3.5 Hz, 1H), 2.42 – 
2.22 (m, 4H), 1.46 (s, 3H), 1.36 (s, 3H), -0.10 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 
209.1, 165.9, 137.5, 131.1 (q, J = 3.4 Hz), 128.72 (q, J = 33.0 Hz), 126.8, 126.6, 125.0, 
124.1 (q, J = 272.2 Hz), 120.8 (q, J = 3.9 Hz), 51.4, 38.1, 36.4, 33.4, 19.9, 19.2, -3.7; 19F 
NMR (376 MHz, CDCl3): δ = -62.27; IR (film): 2955, 1710, 1666, 1621 cm–1; HRMS 













Compound 11e: To a solution of 9e (159 mg, 0.735 mmol) in CH2Cl2 (10 mL) at -40 °C 
under N2 was added 2,3-dimethyl-1,3-butadiene (123 mg, 1.48 mmol) followed by boron 
trichloride (0.74 mL, 0.74 mmol, 1.0 M in dibromomethane). The reaction was stirred at -
40 °C for 15 min then warm up to -20 °C for another 15 min and warm up to 0 °C, then 
stirred at r.t. until complete by TLC (1.5-2 h). The reaction was quenched at r.t. with 
saturated aqueous NaHCO3 and extracted with Et2O. The layers were separated, the 
organic phase washed with H2O, brine, and dried over Na2SO4. The solvent was removed 
in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2/EtOAc (90:9:1)] to yield 11e (90.2 mg, 41%) as a yellow oil. The 
diasteromeric ratio of the crude product was determined to be > 20:1 by GC analysis. The 
regioisomeric ratio of the crude product was determined to be 10:1 by GC analysis (GC-
MS method: flow = 1 mL/min.; inlet = 250 °C; 180 °C for 5 min., ramp at 2 °C/min. to 
250 °C and hold for 10 min.). Rf = 0.5 (hexanes:EtOAc, 10:1); 1H NMR (400 MHz, 
CDCl3); δ = 7.42 (s, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 2.70 – 2.65 
(m, 1H), 2.39 (d, J = 14.8 Hz, 2H), 2.33 (s, 3H), 2.25 (d, J = 14.6 Hz, 2H), 1.52 (s, 3H), 
1.41 (s, 3H), -0.07 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 210.5, 159.8, 137.4, 136.1, 
135.8, 126.9, 126.3, 124.1, 123.5, 51.3, 36.7, 36.5, 33.5, 21.1, 19.9, 19.2, -3.6; IR (film): 
2953, 2925, 1700, 1614 cm–1; HRMS (APCI-TOF) m/z calcd for [C19H26SiO+H]+ 













Compound 11f: To a solution of 9f (177 mg, 0.748 mmol) in CH2Cl2 (10 mL) under N2 
was added 2,3-dimethyl-1,3-butadiene (123 mg, 1.50 mmol) followed by boron 
trichloride (0.75 mL, 0.75 mmol, 1.0 M in dibromomethane). The reaction was stirred at -
40 °C for 15 min then warm up to -20 °C for another 15 min and warm up to 0 °C, then 
stirred at r.t. until complete by TLC (1-1.5 h). The reaction was quenched at r.t. with 
saturated aqueous NaHCO3 and extracted with Et2O. The layers were separated, the 
organic phase washed with H2O, brine, and dried over Na2SO4. The solvent was removed 
in vacuo and the crude product purified by column chromatography [silica gel; 
hexanes/CH2Cl2/EtOAc (70:29:1)] to yield 11f (64.5 mg, 28%) as mixture of 11f and 11f’ 
as a yellow oil. The diasteromeric ratio of the crude product was determined to be > 20:1 
by GC analysis. The regioisomeric ratio of the crude product was determined to be 3:1 by 
GC analysis. The regioisomeric ratio of the purified product was determined to be 3:1 by 
GC analysis (GC-MS method: flow = 1 mL/min.; inlet = 250 °C; 180 °C for 5 min., ramp 
at 1 °C/min. to 250 °C and hold for 10 min.). Rf = 0.5 (hexanes:EtOAc, 10:1); 1H NMR 
(400 MHz, CDCl3): δ = 7.56 (s, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 
2.69 (dd, J = 7.2, 3.3 Hz, 1H), 2.42 – 2.20 (m, 4H), 1.50 (s, 3H), 1.40 (s, 3H), -0.06 (s, 
9H); 13C NMR (100 MHz, CDCl3): δ = 208.9, 160.6, 138.7, 134.7, 132.3, 126.8, 126.4, 
125.6, 123.2, 51.4, 37.2, 36.4, 33.4, 19.9, 19.1, -3.7; IR (film): 2954, 1707, 1600 cm–1 ; 













Compound 12b: To a solution of 10b (129 mg, 0.672 mmol) in CH2Cl2 (10 mL) under 
N2 was added 2,3-dimethyl-1,3-butadiene (112 mg, 1.36 mmol) followed by boron 
trichloride (0.68 mL, 0.68 mmol, 1 M in hexanes). The reaction was stirred at -40 °C for 
15 min then warm up to -20 °C for another 15 min and warm up to 0 °C, then stirred at 
r.t. until complete by TLC (1-1.5 h). The reaction was quenched at r.t. with saturated 
aqueous NaHCO3 and extracted with Et2O. The layers were separated, the organic phase 
washed with H2O, brine, and dried over Na2SO4. The solvent was removed in vacuo and 
the crude product purified by column chromatography [silica gel; CH2Cl2/hexanes/EtOAc 
(90:9:1)] to yield 12b (118 mg, 64%) as a yellow oil. The diasteromeric ratio of the crude 
product was determined to be > 20:1 by GC analysis (GC-MS method: flow = 1 mL/min.; 
inlet = 250 °C; 200 °C for 3 min., ramp at 1 °C/min. to 260 °C and hold for 10 min.). Rf = 
0.4 (hexanes:EtOAc, 10:1); 1H NMR (500 MHz, CDCl3): δ = 7.71 (s, 1H), 6.35 (s, 1H), 
2.88 (dd, J = 6.9, 3.0 Hz, 1H), 2.46 – 2.28 (m, 2H), 2.17 – 2.04 (m, 2H), 1.60 (s, 3H), 
1.48 (s, 3H), 0.02 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 190.9, 163.5, 154.9, 154.0, 
126.2, 125.8, 108.4, 55.6, 35.2, 33.1, 31.6, 19.6, 19.3, -3.8; IR (film): 2926, 1691, 1574, 











Compound 12c: To a solution of impure 10c (120 mg) in CH2Cl2 (10 mL) under N2 was 
added 2,3-dimethyl-1,3-butadiene (0.14 mL, 1.26 mmol) followed by boron trichloride 
(0.63 mL, 0.63 mmol, 1 M in hexanes). The reaction was stirred at -40 °C for 15 min then 
warm up to -20 °C for another 15 min and warm up to 0 °C, then stirred at r.t. until 
complete by TLC (24-36 h). The reaction was quenched at r.t. with saturated aqueous 
NaHCO3 and extracted with Et2O. The layers were separated, the organic phase washed 
with H2O, brine, and dried over Na2SO4. The solvent was removed in vacuo and the 
crude product purified by column chromatography [silica gel; hexanes/EtOAc (9:1)] to 
yield 12c (41 mg) as a yellow solid. Rf = 0.1 (Hexanes:EtOAc, 10:1); 1H NMR (400 
MHz, CDCl3): δ = 10.84 (s, 1H), 7.29 (s, 1H), 5.99 (s, 1H), 2.90 (dd, J = 6.8, 3.3 Hz, 
1H), 2.45 – 2.28 (m, 2H), 2.21 – 2.09 (m, 2H), 1.60 (s, 3H), 1.49 (s, 3H), -0.01 (s, 9H); 
13C NMR (100 MHz, CDCl3): δ = 194.3, 161.4, 134.3, 133.5, 126.6, 125.6, 104.1, 56.2, 
36.3, 33.4, 32.6, 19.8, 19.4, -3.7; IR (film): 3163, 2949, 2924, 2253, 1654, 1447 cm–1; 












Compound 12d: To a 3:1 mixture of 10d and S2 (169 mg, corrected mmol of 10d = 
0.618 mmol) in CH2Cl2 (15 mL) under N2 was added 2,3-dimethyl-1,3-butadiene (138 
mg, 1.68 mmol) followed by boron trichloride (0.82 mL, 0.82 mmol, 1 M in hexanes). 
The reaction was stirred at -40 °C for 15 min then warm up to r.t. and stirred until 
complete by TLC (18 h). The reaction was quenched at r.t. with saturated aqueous 
NaHCO3 and extracted with Et2O. The layers were separated, the organic phase washed 
with H2O, brine, and dried over Na2SO4. The solvent was removed in vacuo and the 
crude product purified by column chromatography [silica gel; hexanes/EtOAc (20:1)] to 
yield 12d (143 mg, corrected yield = 81%) as a yellow oil. The diasteromeric ratio of the 
crude product was determined to be > 20:1 by GC analysis (GC-MS method: flow = 1 
mL/min.; inlet = 250 °C; 200 °C for 3 min., ramp at 1 °C/min. to 260 °C and hold for 10 
min.). Rf = 0.3 (hexanes:EtOAc, 10:1); 1H NMR (400 MHz, CDCl3): δ = 6.82 (d, J = 2.2 
Hz, 1H), 5.81 (d, J = 2.1 Hz, 1H), 3.68 (s, 3H), 2.76 (dd, J = 6.9, 3.2 Hz, 1H), 2.34 (dd, J 
= 14.5, 3.3 Hz, 1H), 2.22 (d, J = 14.6 Hz, 1H), 2.11 – 2.05 (m, 1H), 2.02 (d, J = 14.5 Hz, 
1H), 1.55 (s, 3H), 1.44 (s, 3H), -0.08 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 193.6, 
159.3, 135.5, 134.2, 126.4, 125.6, 103.1, 56.0, 36.1, 34.0, 33.1, 31.7, 19.8, 19.2, -3.9; IR 
(film): 3164, 3002, 2944, 2293, 2253, 1668 cm-1; HRMS (ESI-TOF) m/z calcd for 




Interrupted Nazarov Reactions on Symmetric Cross-Conjugated Diynones 
Multicomponent Double Diels-Alder/Nazarov Cyclization Products 
2.1 Introduction 
From the discussion about the mechanism of the Nazarov reaction 
(electrocyclic reaction) in the previous chapter, we know that cyclopentenyl 
cation intermediates are formed. The oxyallyl cation intermediates can be trapped 
intra- or intermolecularly with nucleophiles to generate interesting polycyclic 
structures.24-26 There has been considerable interest in intercepting this cyclized 
intermediate with various types of nucleophiles and electrophiles. While the 
oxyally cation is nucleophilically trapped, on the other hand, dienolate species 
remaining from the electrocyclization and the traditional elimination were trapped 
by the electrophilic halogen sources (Scheme 2.1).27  
 
Scheme 2.1. a) Nucleophilic trapping Nazarov intermediate mechanism.              
b) Electrophilic trapping Nazarov intermediate mechanism. 
The West group has reported a successful nucleophilic trapping of the 
Nazarov intermediate of cross-conjugated enones with silyloxyalkenes in the 




























































generating five new stereocenters with good regioselectivity (Scheme 2.2a).26 The 
cross-conjugated enones seem to undergo very rapid Nazarov cyclization even at 
low temperature. On the other hand, the cyclized oxyallyl cation intermediate is 
expected to be longer-lived and can be trapped by enol nucleophiles α to the 
cyclopentenone carbonyl, resulting in 1,4-dicarbonyl products. The Ma group has 
accomplished a Cu(II)-catalyzed stereoselective electrophilic fluorination trapping 
of the indanone derivative Nazarov intermediate (Scheme 2.2b).28 This reaction 
was performed at 80 °C with catalytic amount of Cu(II) catalyst (10 mol%), 
which is very interesting that generally, a stoichiometric amount of Lewis acid is 
required to complete the Nazarov reaction. They hypothesized that the 
electrophilic trapping as a terminal step for Nazarov cyclization facilitated the 
turnover of the catalyst.  
Recently, the West group reported the dual nucleophilic/electrophilic 
trapping of the Nazarov intermediate to generate doubly substituted 
cyclopentenones (Scheme 2.2c).25 In the presence of stoichiometric amount of 
BF3OEt2, an evidence of successful dibromination at both α positions of the 
ketone carbonyl was immediately observed.  They hypothesized that it was 
initially trapping the oxyallyl cation intermediate with nucleophilic bromination, 




Scheme 2.2. a) Nucleophillic trapping of Nazarov intermediate with 
silyloxyalkenes. b) Cu(II)-catalyzed electrophilic fluorination trapping of Nazarov 
intermediate. c) Dual nucleophilic/electrophilic trapping of the Nazarov 
intermediate by bromination. 
 
2.2 Synthetic Approach 
As mentioned earlier in last chapter, the oxyallyl cation intermediate was 
hypothesized to be generated in our previous work of multicomponent double 
Diels-Alder/Nazarov cyclization from symmetric cross-conjugated diynones and 
aryl ynones (Scheme 2.3).21 In order to expand the scope of the applications on 
this reaction and to increase the complexity of the [6-5-6]-polycyclic substances, 
which would be useful in total syntheses of many biologically active compounds 
containing [6-5-6]-tricyclic scaffold, we decided to try trapping the oxyallyl 
cation of the double Diels-Alder/Nazarov intermediate with a nucleophile. We 


















































































Scheme 2.3 Proposed mechanism of multicomponent double Diels-
Alder/Nazarov reaction of cross-conjugated diynones. 
If the trapping was successful, we will be generating five to six new 
carbon-carbon bonds, two quaternary carbons, and three stereogenic centers with 
densely functionalized [6-5-6]-tricyclic compounds in one-pot or one-step. The 
trapping can also tell us more about our proposed intermediate and mechanism of 
the reaction as whether intermediate 13 and 14 were generated during the 
reaction, similarly to other Nazarov reactions as discussed earlier (Scheme 2.4).  














Scheme 2.4. a) Nucleophilic interrupted double Diels-Alder/Nazarov of diynones.    
b) Electrophilic interrupted double Diels-Alder/Nazarov of diynones. 
 
2.3 Results and Discussion 
Our research approach was to trap the cyclized double Diels-Alder/Nazarov 
intermediate with nucleophiles or electrophiles. The major challenge of this 
project is that we need to be able to trap the cyclized Nazarov intermediate at the 
right time. Since we could not isolate the Nazarov intermediates 13 and 14 from 
the reaction, we first tried the nucleophilic interrupted double Diels-
Alder/Nazarov reaction in one-pot. Lewis acids were already screened and 







































Alder/Nazarov cyclization of diynones. We decided to use the non-silyl-
substituted diynone 15a as the substrate, hoping to slow down the reaction rate of 
the Nazarov step, in order to increase the chance of trapping the oxyallyl cation 
intermediate. 
We also used 1,3-dimethoxy benzene as a nucleophile, but no reaction 
occurred (entry 2). We then tried trapping the double Diels-Alder/Nazarov 
intermediate of an ynone 15b with different electrophiles. Several electrophiles 
were used including methyl iodide, NBS, and selectflour, which were all 
incapable of trapping the enolate intermediate of the Nazarov reaction (entry 3-5).  
We have also tried trapping double Diels-Alder/Nazarov intermediate of 
asymmetric diynone 15c with methyl iodide. Not surprisingly, no reaction 
occurred (entry 6).  
Table 2.1. Nucleophilic and electrophilic interrupted double Diels-Alder/Nazarov 
reactions of diynones. 
 
Entry Substrate Nucleophile Product 
1 15a: R1 = Me, R2 = Me anisole N/A 
2 15a: R1 = Me, R2 = Me 1,3-dimethoxy benzene N/A 
3 15b: R1 = TMS, R2 = TMS methyl iodide N/A 
4 15b: R1 = TMS, R2 = TMS NBS N/A 
5 15b: R1 = TMS, R2 = TMS Selectfluor N/A 
6 15c: R1 = t-Bu, R2 = TMS methyl iodide N/A 
 
Furthermore, I hypothesized the inefficient trapping was due to the timing and 

















optimized the introducing time of nucleophiles and electrophiles, as before and 
after the formation of mono Diels-Alder, after the formation of double Diels-
Alder intermediate and the double Diels-Alder/Nazarov intermediate, yet none of 
them worked. We had also tried different orders of addition of the substrates, 
Lewis acid, diene, and nucleophile or electrophile, still no successful result was 
obtained. 
Due to many challenges, including difficulties of making two quaternary 
carbons on a hindered substrate, optimization time and order of addition to 
introduce nucleophiles and electrophiles to the reaction, further studies are 
needed. We may also need to screen a larger scope of Lewis acids, solvents, and 
conditions used in this reaction. Moreover, smaller nucleophiles and electrophiles 
















3.1.1 Baylis-Hillman Reaction 
	
In 1972, Baylis and Hillman reported a discovery a nucleophilic catalyzed 
reaction using tertiary amine and phosphine, where the α-position of an activated 
alkene and an aldehyde coupled to generate a carbon-carbon bond to produce high 
densely functionalized compounds (Figure 3.1a).29 The stereochemistry of the 
newly formed stereogenic carbon can be influenced by any of these components.30 
A wide range of substrates, electrophiles and alkenes can be used in this reaction. 
Due to its densely functionalized products in proximity for various uses in organic 
syntheses and transformations, Baylis-Hillman adducts have been used to 
synthesize several naturally occurring compounds. Syributins,31 (+)-arnicenone,32 
and himanimide A33 are some examples of the natural products that used Baylis-
Hillman as key reaction in their total syntheses (Figure 3.1b). 
 
Figure 3.1. a) Baylis-Hillman reaction. b) Natural products using Baylis-Hillman 



























According to available reports and evidence, the Baylis-Hillman reaction 
was believed to initiate by the conjugate addition of nucleophilic catalysts such as 
an amine and phosphine to activated alkenes in order to generate zwitterionic 
enolates 19, which then react with a carbonyl carbon forming a carbon-carbon 
bond. The mechanism then diverges into two distinct pathways. The first 
pathway, there is a proton transfer in 21, followed by catalyst elimination. The 
second pathway, zwitterionic enolate 20 attacked the second carbonyl carbon 
forming hemiacetal 22, which then facilitated proton transfer and catalyst 
elimination (Scheme 3.1).34  
	  








































3.1.2 Nucleophilic-Catalyzed Addition of Alkynoates 
	
In 1992, Trost reported that nucleophilic phosphine could catalyze the 
isomerization of alkyne-carbonyl compounds to conjugated dienes (Scheme 
3.2a).35 The reactions were warmed up to 80-110 °C in toluene with 5-10 mol% of 
triphenylphosphine catalyst. Both aromatic and aliphatic ketones successfully 
underwent isomerization, however, slightly higher temperatures were required for 
aliphatic ketones. He later reported the phosphine-catalyzed nucleophilic α-attack 
conjugate addition to alkynoates for dehydroamino acids synthesis (Scheme 3.2b 
and 3.2c).36 However, competitive γ-addition and/or redox isomerization to 2,4-
dienoates pathways occurred as side reactions.  
 
Scheme 3.2. a) Nucleophilic phosphine-catalyzed isomerization of ynones to 
conjugated dienes. b) α-nucleophilic attack phosphine-catalyzed alkynoates.       
























































The Fu group has recently reported studies on the chiral phosphine on 
alkynoates and amides to form chiral γ-substituted-α,β-unsaturated carbonyl 
compounds (Scheme 3.3).37 Although there have been more studies on this 
reaction, only nitrogen nucleophiles have been accomplished to achieve 
intermolecular phosphine-catalyzed nucleophilic addition rather than 
isomerization. On the other hand, this work reported the first carbon-based 
nucleophiles γ-addition via phosphine-catalyzed with good yields and good 
enantioselectivity.  The development of methods for the γ position catalytic 
asymmetric functionalization of carbonyl compounds has been impressively 
accomplished that have been reported for functionalization of the α and β 
positions.  
 
Scheme 3.3. γ-substituted-α,β-unsaturated carbonyl compounds formation via 
chiral phosphine-catalyzed on alkynoates.    
	
3.2 Synthetic Approach  
	
The formation of carbon-carbon bonds to generate densely functionalized and 
chiral compounds with useful functional groups for further elaboration is desirable, 
especially, if it is done asymmetrically in a single step. We believe we can achieve 
this using ynone 24, in the presence of nucleophilic phosphine catalyst to form 
zwitterionic intermediate 25, the proposed intermediate with potential to convert into 
nucleophilic attack products in previous studies.35-37 Intermediate 25 then undergo 












formation and form intermediate 26. Proton transfer then occur and follow with 
catalyst elimination to form compound 28 (Scheme 3.4).  
 
Scheme 3.4. Synthetic approach of phosphine-catalyzed nucleophilic addition Baylis-
Hillman reaction of aryl ynones. 
	
3.3 Results and Discussion 
	
We have tried many ynones, nucleophiles, and phosphine catalysts in attempt to 
perform this α-position nucleophilic attack via Baylis-Hillman reaction through 
zwitterionic intermediate 26. However, we did not see any formation of the desired 
products. In fact, no reaction was observed with only the starting materials being 
recovered at the end of the reaction (Table 3.1).  
Table 3.1. Nucleophilic addition Baylis-Hillman reaction of aryl ynones. 
 
Ynone Phosphine Aldehyde Product 
14a: R1 = Ph, R2 = H  PBu3  R3 = p-Br-Ph   N/A 
14a: R1 = Ph, R2 = H  PPh3  R3 = p-Br-Ph    N/A  
14a: R1 = Ph, R2 = H PPh3  R3 = Ph    N/A  
 14b: R1 = p-Br-Ph, R2 = H  PPh3  R3 = p-Br-Ph    N/A 










































Due to time constraints, I was unable to probe this reaction further. Some 
possible future directions would be optimizing a better condition for this reaction 
by varying phophines, ynones, electrophiles, solvents, and temperatures. A more 
nucleophilic catalyst, such as phosphoramidites, may work (Figure 3.2). 
Phosphoramidites have been shown to be excellent ligands in transition metal-
catalytic reactions,38-39 as well as organocatalysts.40 Moreover, looking closer to 
the synthetic approach, the proton transfer step can be a potential problem in this 
reaction. Addition of a mild acid co-catalyst as a proton transfer agent to the 
reaction might solve this problem.    
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Figure 4. 1H NMR spectrum of 9a.  
 
Figure 5. 13C NMR spectrum of 9a. 
	 49	
 
Figure 6. 1H NMR spectrum of 9b.  
 
 


















Figure 9. 1H NMR spectrum of 9c.  
 
Figure 10. 13C NMR spectrum of 9c. 
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Figure 11. 1H NMR spectrum of 9d.  
 
Figure 12. 13C NMR spectrum of 9d. 
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Figure 14. 1H NMR spectrum of 9e.  
 
Figure 15. 13C NMR spectrum of 9e. 
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Figure 16. 1H NMR spectrum of 9f.  
 
Figure 17. 13C NMR spectrum of 9f. 
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Figure 18. 1H NMR spectrum of 10b. 
 
Figure 19. 13C NMR spectrum of 10b. 
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Figure 20. 1H NMR spectrum of 10c. 
	
	
Figure 21. 13C NMR spectrum of 10c. 
	 58	
	
Figure 22. 1H NMR spectrum of S1. 
	
	
Figure 23. 13C NMR spectrum of S1. 
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Figure 24. 1H NMR spectrum of 10d. 
	
	





Figure 26. 1H NMR spectrum of 11a. 
 
Figure 27. 13C NMR spectrum of 11a. 
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Figure 28. HSQC NMR spectrum of 11a. 
 




Figure 30. 1H NMR spectrum of 11b. 
 
Figure 31. 13C NMR spectrum of 11b. 
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Figure 32. 19F NMR spectrum of 11b. 
 
Figure 33. HSQC NMR spectrum of 11b. 
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Figure 35. 1H NMR spectrum of 11c. 
 
Figure 36. 13C NMR spectrum of 11c. 
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Figure 37. HSQC NMR spectrum of 11c. 
 
Figure 38. 1D NOESY NMR spectrum of 11c. 
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Figure 39. 1H NMR spectrum of 11d. 
 
Figure 40. 13C NMR spectrum of 11d. 
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Figure 41. 19F NMR spectrum of 11d. 
 
 
Figure 42. HSQC NMR spectrum of 11d. 
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Figure 44. 1H NMR spectrum of 11e. 
 
Figure 45. 13C NMR spectrum of 11e. 
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Figure 46. HSQC NMR spectrum of 11e. 
 




Figure 48. 1H NMR spectrum of 11f. 
 
Figure 49. 13C NMR spectrum of 11f. 
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Figure 50. HSQC NMR spectrum of 11f. 
 




Figure 52. 1H NMR spectrum of 12b. 
 
Figure 53. 13C NMR spectrum of 12b. 
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Figure 54. HSQC NMR spectrum of 12b. 
 
Figure 55. 1D NOESY NMR spectrum of 12b. 
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Figure 56. 1H NMR spectrum of 12c. 
 
Figure 57. 13C NMR spectrum of 12c. 
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Figure 58. HSQC NMR spectrum of 12c. 
 
Figure 59. 1D NOESY NMR spectrum of 12c. 
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Figure 60. 1H NMR spectrum of 12d. 
 
Figure 61. 13C NMR spectrum of 12d. 
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Figure 62. HSQC NMR spectrum of 12d. 
